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Half the world’s population are exposed to increasing
air pollution
G. Shaddick 1✉, M. L. Thomas2, P. Mudu3, G. Ruggeri3 and S. Gumy3
Air pollution is high on the global agenda and is widely recognised as a threat to both public health and economic progress. The
World Health Organization (WHO) estimates that 4.2 million deaths annually can be attributed to outdoor air pollution. Recently,
there have been major advances in methods that allow the quantification of air pollution-related indicators to track progress
towards the Sustainable Development Goals and that expand the evidence base of the impacts of air pollution on health. Despite
efforts to reduce air pollution in many countries there are regions, notably Central and Southern Asia and Sub-Saharan Africa, in
which populations continue to be exposed to increasing levels of air pollution. The majority of the world’s population continue to
be exposed to levels of air pollution substantially above WHO Air Quality Guidelines and, as such, air pollution constitutes a major,
and in many areas, increasing threat to public health.
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INTRODUCTION
In 2016, the WHO estimated that 4.2 million deaths annually could
be attributed to ambient (outdoor) fine particulate matter air
pollution, or PM2.5 (particles smaller than 2.5 μm in diameter)
1.
PM2.5 comes from a wide range of sources, including energy
production, households, industry, transport, waste, agriculture,
desert dust and forest fires and particles can travel in the
atmosphere for hundreds of kilometres and their chemical and
physical characteristics may vary greatly over time and space. The
WHO developed Air Quality Guidelines (AQG) to offer guidance for
reducing the health impacts of air pollution. The first edition, the
WHO AQG for Europe, was published in 1987 with a global update
(in 2005) reflecting the increased scientific evidence of the health
risks of air pollution worldwide and the growing appreciation of
the global scale of the problem2. The current WHO AQG states
that annual mean concentration should not exceed 10 μg/m3 2.
The adoption and implementation of policy interventions have
proved to be effective in improving air quality3–7. There are at
least three examples of enforcement of long-term policies that
have reduced concentration of air pollutants in Europe and North
America: (i) the Clean Air Act in 1963 and its subsequent
amendments in the USA; (ii) the Convention on Long-range
Transboundary Air Pollution (LRTAP) with protocols enforced since
the beginning of the 1980s in Europe and North America8; and (iii)
the European emission standards passed in the European Union in
the early 1990s9. However, between 1960 and 2009 concentra-
tions of PM2.5 globally increased by 38%, due in large part to
increases in China and India, with deaths attributable to air
pollution increasing by 124% between 1960 and 200910.
The momentum behind the air pollution and climate change
agendas, and the synergies between them, together with the
Sustainable Development Goals (SDGs) provide an opportunity to
address air pollution and the related burden of disease. Here,
trends in global air quality between 2010 and 2016 are examined
in the context of attempts to reduce air pollution, both through
long-term policies and more recent attempts to reduce levels of
air pollution. Particular focus is given to providing comprehensive
coverage of estimated concentrations and obtaining (national-
level) distributions of population exposures for health impact
assessment. Traditionally, the primary source of information has
been measurements from ground monitoring networks but,
although coverage is increasing, there remain regions in which
monitoring is sparse, or even non-existent (see Supplementary
Information)11. The Data Integration Model for Air Quality (DIMAQ)
was developed by the WHO Data Integration Task Force (see
Acknowledgements for details) to respond to the need for
improved estimates of exposures to PM2.5 at high spatial
resolution (0.1° × 0.1°) globally11. DIMAQ calibrates ground mon-
itoring data with information from satellite retrievals of aerosol
optical depth, chemical transport models and other sources to
provide yearly air quality profiles for individual countries, regions
and globally11. Estimates of PM2.5 concentrations have been
compared with previous studies and a good quantitative
agreement in the direction and magnitude of trends has been
found. This is especially valid in data rich settings (North America,
Western Europe and China) where trends results are consistent
with what has been found from the analysis of ground level PM2.5
measurements.
RESULTS
Figure 1a shows average annual concentrations of PM2.5 for 2016,
estimated using DIMAQ,; and Fig. 1b the differences in concentra-
tions between 2010 and 2016. Although air pollution affects high
and low-income countries alike, low- and middle-income countries
experience the highest burden, with the highest concentrations
being seen in Central, Eastern Southern and South-Eastern Asia12.
The high concentrations observed across parts of the Middle
East, parts of Asia and Sub-Saharan regions of Africa are associated
with sand and desert dust. Desert dust has received increasing
attention due to the magnitude of its concentration and the
capacity to be transported over very long distances in particular
areas of the world13,14. The Sahara is one of the biggest global
source of desert dust15 and the increase of PM2.5 in this region is
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consistent with the prediction of an increase of desert dust due to
climate change16,17.
Globally, 55.3% of the world’s population were exposed to
increased levels of PM2.5, between 2010 and 2016, however there
are marked differences in the direction and magnitude of trends
across the world. For example, in North America and Europe
annual average population-weighted concentrations decreased
from 12.4 to 9.8 μg/m3 while in Central and Southern Asia they
rose from 54.8 to 61.5 μg/m3. Reductions in concentrations
observed in North America and Europe align with those reported
by the US Environmental Protection Agency and European
Environmental Agency (EEA)18,19. The lower values observed in
these regions reflect substantial regulatory processes that were
implemented thirty years ago that have led to substantial
decreases in air pollution over previous decades18,20,21. In high-
income countries, the extent of air pollution from widespread coal
and other solid-fuel burning, together with other toxic emissions
from largely unregulated industrial processes, declined markedly
with Clean Air Acts and similar ‘smoke control’ legislation
introduced from the mid-20th century. However, these remain
important sources of air pollution in other parts of the world22. In
North America and Europe, the rates of improvements are small
reflecting the difficulties in reducing concentrations at lower
levels.
Assessing the health impacts of air pollution requires detailed
information of the levels to which specific populations are
exposed. Specifically, it is important to identify whether areas
where there are high concentrations are co-located with high
populations within a country or region. Population-weighted
concentrations, often referred to as population-weighted
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Fig. 1 Maps of global PM2.5 (μg/m
3). a Concentrations in 2016. b Changes in concentrations between 2010 and 2016.
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exposures, are calculated by spatially aligning concentrations of
PM2.5 with population estimates (see Supplementary Information).
Figure 2 shows global trends in estimated concentrations and
population-weighted concentrations of PM2.5 for 2010–2016,
together with trends for SDG regions (see Supplementary Fig.
1.1). Where population-weighted exposures are higher than
concentrations, as seen in Central Asia and Southern Asia, this
indicates that higher levels of air pollution coincide with highly
populated areas. Globally, whilst concentrations have reduced
slightly (from 12.8 μg/m3 in 2010 to 11.7 in 2016), population-
weighted concentrations have increased slightly (33.5 μg/m3 in
2010, 34.6 μg/m3 in 2016). In North America and Europe both
concentrations and population-weighted concentrations have
decreased (6.1–4.9 and 12.4–9.8 μg/m3, respectively). The associa-
tion between concentrations and population can be clearly seen
for Central Asia and Southern Asia where concentrations increased
from 29.6 to 31.7 μg/m3 (a 7% increase) while population-
weighted concentrations were higher both in magnitude and in
percentage of increase, increasing from 54.8 to 61.5 μg/m3 (a 12%
increase).
For the Eastern Asia and South Eastern Asia concentrations
increase from 2010 to 2013 and then decrease from 2013 to 2016,
a result of the implementation of the ‘Air Pollution Prevention and
Control Action Plan’21 and the transition to cleaner energy mix
due to increased urbanization in China23–25. Population-weighted
concentrations for urban areas in this region are strongly
influenced by China, which comprises 62.6% of the population
in the region. Population-weighted concentrations are higher than
the concentrations and the decrease is more marked (in the
population-weighted concentrations), indicating that the imple-
mentation of policies has been successful in terms of the number
of people affected. The opposite effect of population-weighting is
observed in areas within Western Asia and Northern Africa where
an increasing trend in population-weighted concentrations (from
42.0 to 43.1. μg/m3) contains lower values than for concentrations
(from 50.7 to 52.6 μg/m3). In this region, concentrations are
inversely correlated with population, reflecting the high concen-
trations associated with desert dust in areas of lower population
density.
DISCUSSION
Long-term policies to reduce air pollution have been shown to be
effective and have been implemented in many countries, notably
in Europe and the United States. However, even in countries with
the cleanest air there are large numbers of people exposed to
harmful levels of air pollution. Although precise quantification of
the outcomes of specific policies is difficult, coupling the evidence
for effective interventions with global, regional and local trends in
air pollution can provide essential information for the evidence
base that is key in informing and monitoring future policies. There
have been major advances in methods that expand the knowl-
edge base about impacts of air pollution on health, from evidence
on the health effects26, modelling levels of air pollution1,11 and
quantification of health impacts that can be used to monitor and
report on progress towards the air pollution-related indicators of
the Sustainable Development Goals: SDG 3.9.1 (mortality rate
attributed to household and ambient air pollution); SDG 7.1.2
(proportion of population with primary reliance on clean fuels and
technology); and SDG 11.6.2 (annual mean levels of fine
particulate matter (e.g., PM2.5 and PM10) in cities (population
weighted))1. There is a continuing need for further research,
collaboration and sharing of good practice between scientists and
international organisations, for example the WHO and the World
Meteorological Organization, to improve modelling of global air
pollution and the assessment of its impact on health. This will
include developing models that address specific questions,
including for example the effects of transboundary air pollution
and desert dust, and to produce tools that provide policy makers
with the ability to assess the effects of interventions and to
accurately predict the potential effects of proposed policies.
Globally, the population exposed to PM2.5 levels above the
current WHO AQG (annual average of 10 μg/m3) has fallen from
94.2% in 2010 to 90.0% in 2016, driven largely by decreases in
North America and Europe (from 71.0% in 2010 to 48.6% in 2016).
However, no such improvements are seen in other regions where
the proportion has remained virtually constant and extremely
high (e.g., greater than 99% in Central, Southern, Eastern and
South-Eastern Asia Sustainable Development Goal (SDG) regions.
See Supplementary Information for more details).
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Fig. 2 Trends in PM2.5 from 2010 to 2016, by SDG region. a Concentrations. b Population-weighted concentrations.
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The problem, and the need for solutions, is not confined to
cities: across much of the world the vast majority of people living
in rural areas are also exposed to levels above the guidelines.
Although there are differences when considering urban and rural
areas in North America and Europe, in the vast majority of the
world populations living in both urban and rural areas are exposed
to levels that are above the AQGs. However, in other regions the
story is very different (see Supplementary Information Fig. 7.1 and
Supplementary Information Sections 7 and 8), for example
population-weighted concentrations in rural areas in the Central
and Southern Asia (55.5 μg/m3), Sub-Saharan Africa (39.1 μg/m3),
Western Asia and Northern Africa (42.7 μg/m3) and Eastern Asia
and South-Eastern Asia (34.3 μg/m3) regions (in 2016) were all
considerably above the AQG. From 2010 to 2016 population-
weighted concentrations in rural areas in the Central and Southern
Asia region rose by approximately 11% (from 49.8 to 55.5 μg/m3;
see Supplementary Information Fig. 7.1 and Supplementary
Information Sections 7 and 8). This is largely driven by large rural
populations in India where 67.2% of the population live in rural
areas27. Addressing air pollution in both rural and urban settings
should therefore be a key priority in effectively reducing the
burden of disease associated with air pollution.
Attempts to mitigate the effects of air pollution have varied
according to its source and local conditions, but in all cases
cooperation across sectors and at different levels, urban, regional,
national and international, is crucial28. Policies and investments
supporting affordable and sustainable access to clean energy,
cleaner transport and power generation, as well as energy-
efficient housing and municipal waste management can reduce
key sources of outdoor air pollution. Interventions would not only
improve health but also reduce climate pollutants and serve as a
catalyst for local economic development and the promotion of
healthy lifestyles.
METHODS
Assessment of trends in global air pollution requires comprehensive
information on concentrations over time for every country. This informa-
tion is primarily based on ground monitoring (GM) from 9690 monitoring
locations around the world from the WHO cities database for 2010–2016.
However, there are regions in this may be limited if not completely
unavailable, particularly for earlier years (see Supplementary Information).
Even in countries where GM networks are well established, there will still
be gaps in spatial coverage and missing data over time. The Data
Integration Model for Air Quality (DIMAQ) supplements GM with
information from other sources including estimates of PM2.5 from satellite
retrievals and chemical transport models, population estimates and
topography (e.g., elevation). Specifically, satellite-based estimates that
combine aerosol optical depth retrievals with information from the GEOS-
Chem chemical transport model29 were used, together with estimates of
sulfate, nitrate, ammonium, organic carbon and mineral dust30.
The most recent release of the WHO ambient air quality database, for
the first time, contains data from GM for multiple years, where available
The version of DIMAQ used here builds on the original version11,30 by
allowing data from multiple years to be modelled simultaneously, with the
relationship between GMs and satellite-based estimates allowed to vary
(smoothly) over time. The result is a comprehensive set of high-resolution
(10 km × 10 km) estimates of PM2.5 for each year (2010–2016) for every
country.
In order to produce population-weighted concentrations, a comprehen-
sive set of population data on a high-resolution grid (Gridded Population
of the World (GPW v4) database31) was combined with estimates from
DIMAQ. In addition, the Global Human Settlement Layer32 was used to
define areas as either urban, sub-urban or rural (based on land-use, derived
from satellite images, and population estimates). A further dichotomous
classification of whether grid-cells within a particular country were urban
or rural (allocating sub-urban as either urban or rural) was based on
providing the best alignment (at the country-level) to the estimates of
urban-rural populations produced by the United Nations27.
It is noted that the estimates from DIMAQ used in this article may differ
slightly from those used in the WHO estimates of the global burden of
disease associated with ambient air pollution1, and the associated
estimates of air pollution related SDG indicators, due to recent updates
in the database and further quality assurance procedures.
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